The exchange characteristics of the goat placenta were compared to those of several simple models. A technique is described whereby the fetal side of the placenta of the goat near term can be perfused with blood. The ratio of fetal to maternal blood flow was controlled in the range 0.17 to 4.80. The fractions of the maternal and fetal blood flows that did not enter the area of exchange (shunts) were determined by perfusion of the uterine and umbilical circulations with Krebs solution containing dextran and saturated with carbon monoxide and were found to be 36% (SD 3.9%) and 23% (SD 2.2%), respectively. These values were compatible with the shunt values obtained by graphical extrapolation of the data obtained with nitrous oxide and acetylene during perfusion with blood. The N..O and C L .H 2 data showed that the goat placenta has the exchange characteristics of a countercurrent exchanger with extremely unevenly distributed uterine and umbilical flows or those of a concurrent exchanger with moderately uneven distribution of flows. The only available information in the literature on the distribution of flow in this type of placenta indicates that the distribution is moderately ADDITIONAL KEY WORDS perfusion concurrent countercurrent diffusion inert gas transfer shunts
architecture of the exchange capillaries is more consistent than the anatomical evidence. The differences in oxygen tension across the sheep placenta indicate that if this type of placenta resembles a countercurrent exchanger then there must be a diffusional barrier to the transplacental movement of oxygen (4) . Longo et al. (5) have shown that the observations on oxygen transfer across the sheep placenta could be explained on the basis of uteroplacental tissue oxygen consumption and unevenly distributed uterine and umbilical blood flows if the placenta resembles a concurrent exchanger. The uteroplacental mass has indeed been shown to consume up to 50% of the oxygen removed from the uterine circulation in the sheep (3) , and the uterine and umbilical blood flows have been shown to be unevenly distributed over the surface of the sheep placenta (6) . These considerations have led Power and Longo (6) to compare the sheep placenta to a concurrent 236 RANKIN, PETERSON exchanger with little or no diffusional limitation to the transfer of oxygen. A similar comparison was made by Meschia et al. (3) who observed that the transfer of antipyrine across the sheep and goat placenta was compatible with the predicted behavior of a concurrent model with evenly distributed uterine and umbilical blood flows. Meschia et al.
(3) made their observations over a limited range of flow ratios and did not consider the effects of unevenly distributed uterine and umbilical blood flows upon the comparisons.
The following experiment was designed to determine the fraction of the uterine and umbilical blood flows that do not participate in exchange (shunts) in the perfused goat placenta and to compare the exchange characteristics of this placenta with the predicted behavior of several models using the graphical analysis described in the preceding paper (7) .
Methods
The inert gases, nitrous oxide (N 2 O) and acetylene (C 2 H 2 ), were selected for use as tracer materials. These two gases are very permeable (8, 9) , inert, and would be present in blood in physical solution only.
At various ratios (R M ) of umbilical (Q F ) to uterine (Q M ) blood flow, blood samples were drawn from a maternal carotid artery (Ma), a uterine vein (Mv), an umbilical artery (Fa), and an umbilical vein (Fv) . The N 2 O and C 2 H 2 contents of these samples were determined and the data plotted on a T M ,T F diagram as described in the preceding paper (7) , where T M = (C Ma -C-Mv) / (C«a _ C Pa) a n c l JF _ ( C Fv _ C F a ) / (C M « -C F a ). The notation C represents the concentration of N 2 O or C 2 H 2 in the sample. Nitrous oxide crossed the placenta in the maternal to fetal direction, and C 2 H 2 crossed the placenta in the fetal to maternal direction.
Two tracer gases were used in this way because data were required in the steady state. It was necessary to detect and reject data that did not reflect stable, time-independent conditions of placental exchange. A comparison of the placental exchange of N 2 O and C 2 H 2 in the same set of samples would detect the following errors: (1) analytical error, (2) leakage of gas from the uterine or placental tissue, and (3) changes in the concentration of C 2 H 2 and N 2 O in the umbilical and uterine arterial blood. The comparison would not detect transients due to: (1) changes in placental diffusing capacity for the two gases or (2) changes in uterine blood flow.
Lack of a procedure to detect transient changes in uterine blood flow would be serious were it not for the fact that the time curve of the change in N 2 O and C 2 H 2 concentrations in the uterine veins was found to be the same as that in the umbilical veins ( Fig. 1 ). This observation means that the change from one T M ,T P coordinate -I 4 6 Time in minutes to the other owing to transient changes in uterine blood flow would be linear and would not significantly deviate from the T M ,T P line of that particular exchanger.
SURGICAL PREPARATION
Twenty domestic goats were used between one hundred and one hundred and forty days of gestation. Each animal was weighed and given 1 mg/kg iv ethylisobutrazine hydrochloride (Diquel, Jensen-Salsbery Laboratories) for preoperative tranquilization. Under local anesthesia, a small polyvinyl catheter was placed in a jugular vein. Two square inches of the anterior neck area were infiltrated with 2% lidocaine hydrochloride (Lidocaine, Invenex) in the midline. The trachea was exposed and a right-angle brass tracheal cannula inserted in the trachea and tied in place. These procedures were performed under local anesthesia because the goat is prone to rapid regurgitation and aspiration of rumen contents with the onset of general anesthesia. The goat remained standing during the tracheotomy and showed no signs of discomfort. General anesthesia was induced slowly with 8 to 12 ml of a 5% solution of sodium thiamylal (Surital, Parke-Davis and Co.) in saline and maintained with an intravenous drip of 1% sodium thiamylal in saline. A no. 12 Bardic catheter was placed in a carotid artery and a no. 14 Bardic catheter placed in a femoral artery. In five goats, both femoral arteries were cannulated with no. 14 Bardic catheters to permit the measurement of the maternal shunt.
The maternal dorsal aorta was exposed by blunt dissection in the region between the renal arteries and the bifurcation, and tape was passed round it separating the aorta from the vena cava. The two ends of the tape were threaded through a 30-cm length of Tygon tubing (o.d. 1.5 cm) one end of which rested on the aorta. By this means the systemic arterial pressure below the tape could be decreased by drawing up on the tape. The extent of the occlusion was judged by a comparison of femoral and carotid arterial pressures.
The goat was lifted into a bath containing 150 liters of Krebs solution (NaHCO 3 replaced by NaCl) maintained at 39°C. A canvas sling kept the animal immersed to the level of the lower rib cage. A transverse incision 18 inches long was made in the abdomen and extended into the peritoneal cavity. On each of the two uterine horns a superficial vein was cannulated with a polyvinyl catheter 30 cm long. The catheters were advanced until each tip could be palpated in a common uterine vein, 2 to 3 cm dorsal to the ovary.
At this stage a gas mixture of 50% O 2 and Circulation Research, Volume XXIV, February 1969 50% N 2 O was administered to the mother with a respirator. Each fetus was palpated within the uterus and moved by traction to an avascular area. A 3-to 4-cm incision was made through the serosa, allantois, and amnion and a section of the umbilical cord looped into the bath. The cord was injected with 1% hexylcaine hydrochloride and 10% formaldehyde to prevent vessel spasm. One and a half milliliters of heparin (1000 units/ml) was injected into an umbilical vein, and the four cord vessels were cannulated in the order: artery, vein, artery, vein. Blood was pumped into each umbilical artery at a low flow rate as soon as the vessel was catheterized. This procedure was repeated on the second fetus when twins were present. The uterus was then replaced into the peritoneal cavity and the abdominal wall closed.
PERFUSION AND RECIRCULATION
A diagram of the system is shown in Figure 2 . Each umbilical venous catheter led to a glass tube (i.d. 7 mm) which served as a bubble flowmeter. The glass tubes were connected together in parallel, and the whole venous outflow was drained into a small reservoir which could be moved in a vertical plane. During the perfusion the flow in the glass tubes was visualized with air bubbles of about 1 ml each, and the reservoir was moved down until the intermittent flow was observed. The sump was then raised 2 cm. The intermittent flow was taken as an indication that the umbilical veins were collapsing. The raising of the sump then ensured that the pressure in the umbilical veins adjacent to the catheter tip was plus 1 or 2 mm Hg.
A Harvard reciprocating pump, model no. 1405, was used to lift the blood from the sump to the upper pair of four disposable bubble oxygenators 1 (Pulmo-Pak, Abbott Laboratories). After passing through the upper pair the blood flowed by gravity through a lower pair, the outflow sections of which acted as the main reservoirs for the system. These reservoirs held 1.5 liters. Blood was taken from the reservoirs by the perfusion pump, a Harvard reciprocating pump, model no. 1401. The output of this pump was passed through two filters in parallel, heated to 38.5°C, and fed into the umbilical arterial cannulae. The pressure at the beginning of the arterial cannulas was monitored with a mercury manometer and a Statham strain-gauge transducer. The manometer was used during the preparatory procedures because occlusion of the Although they were intended to be disposable, it was possible to use the bubble oxygenators for 4 or 5 experiments providing that they were cleaned with water only.
Infusion
Pressure Recording
Bubble Flow Meters
Fillers Perfusion Pump 0
Pulmo-pak Bubble Oxygenators placental vessels could cause high pressures in the umbilical arteries under the constant flow conditions that prevailed. The development of these pressures could be quickly detected with an eye-level manometer close to the animal, and the pump speed varied accordingly. An overflow resistance was not found to be necessary. The filters were constructed from plexiglass circles 6 inches in diameter with Si-inch thickness of cotton wool as the filtering agent.
Gas Mixing Pump
During the passage of blood through the cascade of bubble oxygenators, it was equilibrated at room temperature with a gas mixture consisting of 0.5% O 2 , 6% CO 2 , 68.5% N 2> and 25% C 2 H 2 . Preliminary experiments showed that at a blood flow of 250 ml/min, 85% of the contaminating N 2 O could be removed from the blood in one passage through one bubble oxygenator; hence, passage through two, in series, would be expected to remove 98%. In practice, the equipment functioned even better than expected and the outflow from the four bubble oxygenators contained less than 1% of the inflowing N 2 O.
The stroke volume of the primary perfusion pump was measured before the experiment and fixed. Flow was determined by counting the rate of the pump. The system was filled with 3 liters of freshly drawn heparinized or citrated goat blood taken from other animals before the experiment. When the surgical procedures were completed, the desired ratio of umbilical blood flow to uterine blood flow was approximated by setting the rate of the perfusion pump and occluding the maternal abdominal aorta until the femoral arterial pressure was at a predetermined value. A period of 30 minutes was allowed for equilibrium of the exchanging gases to occur. In two experiments serial samples were taken during this 30-minute period to prove that a steady state did indeed occur. At the end of this period simultaneous samples of blood were taken from the maternal carotid artery, both uterine veins, an umbilical artery (perfusion inflow), and the mixed blood from each pair of umbilical veins (perfusion outflow). All of these blood samples were aspirated anaerobically in 10-ml, heparinized glass syringes, capped, and stored in ice until analyzed.
At the end of each experiment an autopsy was performed to locate the position of the tip of each uterine venous catheter. Cesarean section and hysterectomy were performed, and each placenta was inspected closely in situ, and after remove], for evidence of placental hemorrhage or separation associated with the perfusion. The weights of each fetus, each placenta, and the uterus were recorded. A count was made of the number of cotyledons on each placenta.
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PLACENTAL TRANSFER OF INERT GASES
PERFUSION WITH CARBON MONOXIDE-DEXTRAN-KREBS SOLUTION
In addition to these studies using N 3 O and C.Ho, the fetal and maternal shunts were determined by the method of Metcalfe et al. (9) . This technique depends on the fact that hemoglobin binds CO. If one side of the placenta is perfused with a solution containing CO and no hemoglobin and the other side is perfused with a solution containing hemoglobin and no CO, then the solution containing hemoglobin could take up all of the CO from the other solution without an appreciable increase in Pco. Under these conditions the flow of solution containing hemoglobin would appear to be infinitely larger than the flow of fluid containing CO. In this way a CO-dextran-Krebs solution perfused into the umbilical arteries would cause the preparation to appear to have a fetal to maternal flow ratio (R m ) of zero. If such a solution was perfused into the uterine arteries, the preparation would appear to have a flow ratio of infinity.
The fetal shunt was obtained by replacing the blood in the perfusion circuit with Krebs solution (NaHCO s replaced by NaCl) containing dextran 2 (mol. wt. 80,000), 5% by weight, saturated with CO. The maternal shunt was obtained by perfusing the placenta with blood, using the recirculating system as previously described, and pumping the CO-dextran-Krebs solution through a heat exchanger and into both femoral arterial catheters. The loop tie round the maternal abdominal aorta was drawn tight, and the mother was killed. The perfusate reached the uterine arteries by retrograde passage of the femoral arteries to the abdominal aorta. Pressure in the femoral arteries was monitored. Ten liters of CO-dextran-Krebs solution were infused for each fetal shunt and 30 liters for each maternal shunt.
ANALYSES
The N.,0 and C^Ho concentrations in the blood samples were measured with a Beckman GC-2A gas chromatograph with blood-gas accessory. The analysis was best performed with the following instrument settings: carrier gas flow = 80 ml/ min, column type = 4-foot silica gel, filament current = 220 ma, column temperature = 160°C, and attenuation = IX to 5x. At these settings the elution time of N 2 O was 80 seconds and that of C 2 H 2 was 140 seconds. The instrument was not calibrated in absolute units, and results were expressed in peak-height units only.
At the above settings of the instrument the resolution was satisfactory. Experimental arterial -Dextran T-80 was donated by Pharmacia Co., Uppsala, Sweden.
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blood levels of N 2 O and C.,H 2 gave close to full-scale deflection at an attenuation of 2x with a sample size of 0.1 ml. It was desirable to keep the sensitivity of the instalment as low as possible yet have the lowest venous concentration of N 2 O or C 2 H L , give a response of at least 30% of full-scale deflection at an attenuation of IX. Excessively high sensitivity, as determined by the filament current, caused the base line to drift, but the most serious side effect was oxidation of the filaments by the oxygen in the samples. The same set of filaments was used for the analysis of all samples reported in this study, and there was no evidence of decreased sensitivity during this period. Because the sample size and instrument sensitivity were fixed, it was necessary to obtain the desired resolution by altering the amount of gas in the arterial blood of the preparation. A maternal breathing mixture containing 50% N L .O and a bubble-oxygenator inlet gas mixture containing 25% C^Ho were selected on this basis.
The presence of any gas other than N.,0 or C.,H> with the same elution time as one of these gases would invalidate the analysis. Unfortunately, COj had the same elution time as N 2 O under the conditions of the analysis. It was found that the use of an 8-foot activated charcoal and hexadione column would separate N^O and CO a but the elution times were excessively long. The CO 2 was removed from all samples by passing the carrier flow of helium from the blood-gas accessory through a short length of tubing filled with a CO;, absorbent (Ascarite, Arthur H. Thomas Co.). Tests showed that under the condition of the analysis there was no detectable response to the CO., eluted from 0.1-ml blood samples. The CO., absorbent was changed once a month.
When the instrument was properly maintained, there was no detectable base-line drift. The instrument was found to perform analyses with a standard deviation of less than 1% when the reading was near full-scale deflection. The change in sensitivity with time was negligible.
The linearity of the instrument response to N :; O and C 2 H.j was tested by analyzing water containing these gases at a range of concentrations that encompassed those levels observed throughout the goat experiments. The deviation of the instrument response curve from linearity was never greater than 4%.
The analyses for N 2 O and CJrl 2 were performed the day after the samples were obtained, and a test was conducted to see how much gas was lost in this period of time from the sample syringes. No detectable change could be measured over a 24-hour period, and very little change was seen in 30 days under the conditions of the test.
The CO analysis of samples obtained during the perfusions of the CO-dextran-Krebs solution was also performed on the Beckman GC-2A gas chromatograph. The following changes in procedure were necessary: (1) a 6-foot molecular sieve column was substituted for the 4-foot silica gel column and (2) the sample size was increased to 0.5 ml.
Under these conditions the elution time of CO was 90 seconds. The linearity of the instrument response to CO was not examined because it was unlikely to be different from that for N 2 O and C 2 H 2 .
The Po 2 , Pco 2 , and pH were measured in several samples from each experiment with a Radiometer microelectrode assembly. The pH electrode was calibrated with commercially available standard buffer solutions at pH of 6.840 and 7.381. The standard deviation of successive measurements of the same sample was less than 0.01 pH units. The Po 2 and Pco 2 electrodes were calibrated with saturated gases at 39°C with a known content of O 2 and CO 2 . Oxygen and CO 2 analyses of the calibration gases were performed on a Scholander gas analyzer, the calibration and sensitivity of which is reported by Scholander (10) . Duplicate readings agreeing within 0.02 volumes percent of each other were considered sufficient. The Po : >, Pco 2) and pH electrodes were calibrated after every fourth sample.
Results
TIME OF SAMPLING
The blood samples were not taken as soon as the desired flow ratio was established in the preparation because it took some time for the N 2 O and C 2 H 2 concentrations in the venous outflows to reach a stable level. This time delay was dependent on several factors most of which were unknown at the time of sampling. An arbitrary period of 30 minutes was selected, and in two experiments serial samples were taken from uterine and umbilical veins during this time to check that stability was achieved. Equilibrium was achieved in both cases. One set of results is shown in Figure 1 . It can be seen that the time course of the change in N 2 O concentration is the same as that for C 2 H 2 . The halftime of the change was close to 2 minutes, and 90% of the change had occurred within 10 minutes. Equilibrium was essentially established within 30 minutes because the 30-minute sample was not different from the 25-minute sample.
The time course of changes in the umbilical venous concentrations of N 2 O and C 2 H 2 was the same as that for the uterine veins.
ORGAN WEIGHTS
The wet weights of the various tissues and the ages of the fetuses are summarized in Table 1 . It can be seen that the placentas of the twin pregnancies are only 54% of the weight of placentas from single pregnancies. In spite of this fact there were no observable differences between the exchange characteristics of twin and single placentas as defined by subsequent N 2 O and C0H2 analyses.
RESPIRATORY GAS MEASUREMENTS
Measurements were made of the Po 2 , Pco 2 , and pH of the blood samples drawn for N 2 O and C 2 H 2 analysis whenever possible. Such measurements were made on the day of the experiment, and the samples were kept on ice during the 2-to 3-hour storage period. These data are summarized in Table 2 . Contents are expressed as peak heights corrected to a standard attenuation.
NITROUS OXIDE AND ACETYLENE DATA
One hundred and twenty sets of blood samples were taken from each of the following vessels, the maternal carotid artery, uterine vein, umbilical artery, and the umbilical vein during the perfusion of 23 placentas in 14 goats. These blood samples were analyzed for N 2 O and C 2 H 2 the day after the experiment. The T M and T p coordinates for NoO and C2H2 were calculated for each set of samples. The T M and T F values for N 2 O were rarely exactly the same as those for C 2 H 2 from the same set of samples. The mean T M , T F coordinates were defined as The possible causes of this divergence have been mentioned.
Under ideal conditions the T M , T F coordinates should be the same for both gases. It Circulation Research, Volume XXIV, February 1969 was arbitrarily decided to reject all those sets of data in which the distance between the T M , T F point for nitrous oxide and the T M , T F point for acetylene was greater than 0.1. This distance (X) is given by the equation:
X=[(T M s.,o-l P' CoIIo )-' + (T^o-T^n*.
In this manner 36 sets of data points were rejected representing 29% of all data obtained.
The method of calculating the T M , T F coordinates from the N 2 O and C 2 H 2 data is illustrated for the eighteenth experiment. Goat no. 18 carried twin fetuses, and the two placentas are designated "right" and "left". Table 3 gives the N 2 O and C 2 H 2 analyses obtained from the four vessels at two different flow ratios. These values were calculated from the data in Table 3 . These values were calculated from the data in Table 4 . Table 3 Were Obtained Table 4 illustrates the results of the first step in the calculation of T M and T F . In this table, three concentration differences are shown; the maternal arterial to venous concentration difference (C M " -C Mv ), the fetal venous to arterial concentration difference (C Fv -C Fa ), and the maternal to fetal arterial concentration difference ( C M a -C F a ) . The T M and T F values can be calculated for NjO and C2H2 for each placenta at each flow ratio from the data given in Table 4 . The results of these calculations together with the calculated values for T M , T F and X are shown in Table 5 . The two flow ratios observed during experiment 18 were obtained my manipulating the uterine arterial pressure and the umbilical blood flow (Q F ). These manipulations produced concomitant changes in the umbilical arterial pressure and in the uterine blood flow (Q M ). Table 6 shows the relevant pressures and flows that were required to produce the conditions at which the data shown in Tables 3 . It can be seen that Q M only represents the blood flow to half of the uterus; the whole uterine blood flow being the sum of the uterine flow associated with the right placenta and that associated with the left placenta. It can be seen that none of the data in Table 5 were rejected, because the distance (X) between corresponding N L .O and C 2 H 2 points is less than 0.1 for all data pairs. Figure 3 shows the mean T M , T F points (T~M and T F ) for the 85 acceptable data pairs. This figure constitutes the primary result from all the experiments using N 2 O and CaH 2 . Acceptable data were obtained over the range of flow ratios (R M ) from 0.17 to 4.80. The umbilical arterial pressure ranged from 27 to 98 mm Hg, and the femoral arterial pressure ranged from 30 to 110 mm Hg. In the course of these procedures the umbilical blood flow per placenta (Q F ) ranged Circulation Research, Volume XXIV, February 1969 from 75 to 376 ml/min and the uterine blood flow associated with a single placenta (Q M ) ranged from 35 to 2,199 ml/min.
RANKIN, PETERSON
Concentration Differences Required for the Calculation of T M and T F for Two Flow Ratios in the Two
Values of T*' and T F for N 2 O and C 2 H 2 , the Mean Values of T M and T F , and the Distance (X) Between the T 1 ', T F Points for N 2 O and Those for C 2 H 2 for Two Flow Ratios in the Two Placentas, Right (R) and Left (L), for experiment 18
Femoral Arterial Pressures and Umbilical Arterial Pressures and the Concomitant Umbilical Blood Flows (Q F ) and Uterine Blood Flows (Q 31 ) and Ratios of Umbilical to Uterine Blood Flows (R M ) Required to Produce the Conditions under Which the Data Shown in
CARBON MONOXIDE SHUNTS
Twelve determinations of the fetal shunt were made on four placentas in two goats, and 20 determinations of the maternal shunt were made on eight placentas in five goats. The fetal shunt was found to be 23% (SD 2.2%), and the maternal shunt was found to be 36% (SD 3.9%). The data pertaining to the calculation of the fetal shunt are shown in Table 7 , and data pertaining to the calculation of the maternal shunt are shown in Table 8 .
Goat no. 16 carried a single fetus that was largely in one horn of the uterus. The uterine venous samples reported in Table 8 45, and 46% (mean 45.6%) for the maternal shunt. Figure 3 shows the values for the maternal and fetal shunt given in Tables 7  and 8 plotted with the N 2 O and C 2 H 2 data.
Maternal Arterial and Venous CO Concentrations, the Maternal Shunt Calculated from These Data, the Amount of Hemoglobin in the Venous Samples, and the Umbilical Blood Flows and Flow Rates of CO-Dextran-Krebs Solution Obtained in Twenty Determinations of the Maternal Shunt in Eight Placentas in Five Coats
Discussion
Our placental flows were not normal at normal pressures. At an umbilical arterial pressure of 55 mm Hg the average umbilical blood flow was about 150 ml/min X kg fetus, which is much greater than the flows reported by Campbell et al. (11) or Nixon (12) but less than the value of 233 ml/min X kg fetus reported in the intact animal by Meschia et al. (3) . Although some degree of vasospasm probably played a role in increasing the resistance of the placentas, the blocking of small vessels with microemboli may have been a more significant factor. Panigel states that "for a satisfactory maintenance of the perfused placenta or umbilical cord the normal ratio of dissolved respiratory gases in the physiological fluids must be maintained throughout the experiment" (13) . Table 2 of the previous section indicates the measure of success that was achieved.
Having established that the goat placentas in our perfusions had a higher resistance than normal and that this may have been due to vasospasm and vessel blockage, it remains to show how this may affect the results. The primary aim of the study was to obtain sufficient data to make a T M , T F plot of the exchange characteristics of the goat placenta. It should be noted that the values T M and T F are dependent on the ratio, not the absolute magnitude, of the umbilical and uterine blood flows. Providing the orientation of the exchange vessels and the distribution of the flows within the uteroplacental tissue are not affected, the T M , T p point representing the transfer of an "infinitely diffusible" substance across a placenta will be the same at umbilical and uterine flows of 100 and 200 ml/min, respectively, as it will be at 1,000 and 2,000 ml/min, respectively. It seems unlikely that vessel orientation could be affected by vasospasm and vessel blockage, so that the only consideration necessary for the extrapolation of our conclusions to the intact animal are those relating to the distribution of the blood flows within the uteroplacental tissue.
Figure 3 shows that with blood perfusion
Circulation Research, Volume XXIV, February 1969 it was not possible to obtain flow ratios close to the axes of the T M , T p plot. This renders the extrapolation of the N 2 O and C 2 Ho data to the axes somewhat indefinite, especially as the data are more scattered at the extreme flow ratios. A further problem with the extrapolation is that the T M , T F plot of a realistic model is rarely, if ever, a straight line. The extrapolation to the axes would therefore have to be along a curve, which renders the intercepts of the extrapolation with the axes even more indefinite. The CO shunts are within the range of values that would be compatible with an extrapolation of the N 2 O, C2H0 data points of Figure 3 to the axes and occupy a smaller range than does the extrapolation of the band of NoO, CaH 2 points to the axes. It would therefore be preferable to define the shunts with the CO data and the shape of the T M , T F line along which the goat placenta operates with the N 2 O, C2H0 points. Before this can be done some of the assumptions necessary to the CO technique must be discussed.
1. The CO technique assumes that all of the CO is removed from the dextran-Krebs solution during one passage through an exchange capillary. If the assumption were invalid and some CO remained in the perfusate after traversing the exchange capillaries, the shunt, as calculated from the CO, would then be dependent on the flow of perfusate. Table 8 shows that even though the flow of CO-dextran-Krebs solution used to measure the maternal shunt ranged from 200 to 1700 ml/min, the value of the maternal shunt did not change.
2. The CO technique assumed that the CO-dextran-Krebs perfusate contains no hemoglobin, so that the CO is present in physical solution only. It can be seen from Table 8 that even though the hemoglobin in the uterine venous outflow ranged from 0.000 to 0.030 g$, the values for the maternal shunt did not change. This permits the conclusion that the hemoglobin was added after the perfusate traversed the exchange capillaries and may have reflected a slower purging of the uterine veins due to the relatively low velocity of venous flow.
3. It is assumed that the venous blood samples are representative of the whole venous outflow. This assumption is certainly valid as applied to the fetal side of the placenta because the blood samples were taken directly from the umbilical venous outflow which was channeled into a single tube in the perfusion circuit. The representative nature of the uterine venous samples cannot be so easily defended. The uterine venous catheter was threaded into a superficial vein which was more likely to be draining the myometrium than the area of exchange. The catheter was advanced until its tip was thought to be in a common uterine vein at the approximate level of the ovaries. If the catheter was advanced too far, it would sample blood from the inferior vena cava. If it was not advanced far enough it would sample blood from adjacent myometrial veins. Each of the above conditions would result in samples that appeared to be drawn from an ex-changer with an excessively large maternal shunt.
4. It is assumed that none of the fetal capillaries were blocked during the perfusion of the placenta with blood. If any of the exchange vessels on the fetal side were blocked, then the adjacent uterine vessels would deliver shunted blood to the uterine veins whereas in the normal state they would have delivered blood from an area of exchange. This would cause the maternal shunt seen in the perfused preparation to be larger than normal.
5. The CO technique requires one further assumption that the distribution of the COdextran-Krebs perfusate between the shunting and exchange pathways is the same as that of blood in the intact uterine and perfused umbilical circulations. If this assumption was invalid, it would affect the CO determination only. The N 2 O and C 2 H 2 data would then be representative of an exchanger with less shunting than the CO data. Figure 3 shows that this was not the case T u , T F plot of the transfer of an infinitely diffusible substance in ideal countercurrent and concurrent exchangers with 36% shunted flow on the maternal side and 23% shunted flow on the fetal side. The three lines on each plot represent, from the top, the effects of evenly, moderately, and extremely unevenly distributed flow ratios (taken from Faber [7] ). Superimposed on this plot are the mean T M , T F points for N e O and C 2 H i data pairs less than 0.1 scale units apart.
and that the CO, N 2 O, and C 2 H 2 data do not appear to be obtained from an exchanger with different degrees of shunting.
COMPARISON WITH VARIOUS MODELS
It has been established that the T M , T F plot of the N 2 O and C 2 H 2 data represents the pattern of exchange in the goat placenta with a maternal shunt of 36% and a fetal shunt of 23%. The degree of diffusion limitation of N 2 O and C 2 H 2 is very probably close to zero. These two items of information permit the exchange characteristics of a model placenta to be compared to those observed during the perfusion of the goat placenta. To make this comparison, the T M , T F values for the d M = infinity line of a particular model are adjusted for the shunts by multiplying all values of T M by 0.64 and all values of T F by 0.77. The resultant line represents the exchange of an infinitely diffusible substance in an exchanger of that particular type with those particular shunts.
The most convenient models to work with are the concurrent and countercurrent types. In the preceding paper (7) , Faber demonstrated the effects of unevenly distributed flows on the transfer of an infinitely diffusible substance in concurrent and countercurrent exchangers. Three cases were considered: (a) evenly distributed flows; (b) moderately uneven distribution; and (c) an extreme uneven distribution.
These graphs have been adjusted for the shunt values found in the goat placenta by the CO technique of Metcalfe et al. (9) and are presented together with the N 2 O and C 2 H 2 data in It can be seen that the ratio (R F ) ranges from 0.242 to 2.165, a ninefold range, the same as the 1/3 to 3/1 distribution that Faber (7) referred to as moderate. The T M , T F plot of a concurrent and countercurrent exchanger each with shunts of 36% and 23% and the flow distribution found by Power et al. (6) is shown in Figure 5 superimposed on the N 2 O and C 2 H 2 data obtained during the perfusion of the goat placenta at various flow ratios.
It can be seen that if the data of Power et al. (6) are correct then the goat placenta behaves as if it were a concurrent exchanger.
This leads to the conclusion that the goat placenta, while being perfused with blood from the fetal side, has a maternal shunt of 36%, a fetal shunt of 23% and the exchange characteristics of a concurrent placenta with fairly evenly distributed flows over the exchange surfaces. The calculations of the T M , T F line of a concurrent and countercurrent exchanger with shunts of 36% and 23% and the flow distribution specified by Power et al. (6) were studied by the method of Faber (7) . According to Power et al. (6) the maternal-to-fetal flow ratios in each of five equal portions of the near-term sheep placenta are: 0.242, 0.456, 0.726, 1.318, and 2.165. The five sections and the distribution of flow within each section can be represented by evenly distributing the fetal flow throughout the five sections. This arbitrary assumption is necessitated by the fact that Power et al. give no information as to the extent whereby each flow is responsible for the uneven distribution. In this circumstance the simplest assumption is that one flow is responsible. The numerators and denominators of each ratio can be normalized to sum 1 without changing the ratio of the flow distributions between the five sectors A, B, C, D, and E. Five ratios of total fetal to maternal flow (R M ) will be considered. These are: zero, 0.5, 1.0, 2.0, and infinity. It is necessary to calculate the maternal venous concentration (C Mv ) of an infinity diffusible substance passing from the maternal to the fetal side for each of the five sections assuming first a countercurrent then a concurrent arrangement of exchange vessels. In all cases C Fa will be assumed to be zero and C Ma will be assumed to be 1. For the countercurrent model where R M is less than or equal to unity C M v = ( l -R M ) , and where R JI is greater than unity, C M T = 0. When the vessels are arranged in a concurrent configuration C Mv = 1/(1 + R M ). The concentration in the mixed venous blood from all sections C Mv . is found by multiplying the Q M by the C Mv for each section and dividing the sum of these quantities by the total maternal flow to the placenta. For case 1, countercurrent C Mv . = 0.574, and concurrent C 51 '-. = 0.716. Figure  5 .
